The mitochondrion has emerged as a promising therapeutic target for novel cancer treatments because of its essential role in tumorigenesis and resistance to chemotherapy. Previously, we described a natural compound, 10-((2,5-dihydroxybenzoyl)oxy)decyl) triphenylphosphonium bromide (GA-TPP + C 10 ), with a hydroquinone scaffold that selectively targets the mitochondria of breast cancer (BC) cells by binding to the triphenylphosphonium group as a chemical chaperone; however, the mechanism of action remains unclear. In this work, we showed that GA-TPP + C 10 causes time-dependent complex inhibition of the mitochondrial bioenergetics of BC cells, characterized by (1) an initial phase of mitochondrial uptake with an uncoupling effect of oxidative phosphorylation, as previously reported, (2) inhibition of Complex I-dependent respiration, and (3) a late phase of mitochondrial accumulation with inhibition of α-ketoglutarate dehydrogenase complex (αKGDHC) activity. These events led to cell cycle arrest in the G1 phase and cell death at 24 and 48 h of exposure, and the cells were rescued by the addition of the cell-penetrating metabolic intermediates l-aspartic acid β-methyl ester (mAsp) and dimethyl α-ketoglutarate (dm-KG). In addition, this unexpected blocking of mitochondrial function triggered metabolic remodeling toward glycolysis, AMPK activation, increased expression of proliferator-activated receptor gamma coactivator 1-alpha (pgc1α) and electron transport chain (ETC) component-related genes encoded by mitochondrial DNA and downregulation of the uncoupling proteins ucp3 and ucp4, suggesting an AMPK-dependent prosurvival adaptive response in cancer cells. Consistent with this finding, we showed that inhibition of mitochondrial translation with doxycycline, a broad-spectrum antibiotic that inhibits the 28 S subunit of the mitochondrial ribosome, in the presence of GA-TPP + C 10 significantly reduces the mt-CO1 and VDAC protein levels and the FCCP-stimulated maximal electron flux and promotes selective and synergistic cytotoxic effects on BC cells at 24 h of treatment. Based on our results, we propose that this combined strategy based on blockage of the adaptive response induced by mitochondrial bioenergetic inhibition may have therapeutic relevance in BC.
Introduction
Recent research has shown that mitochondria and the correct assembly of the components of oxidative phosphorylation (OXPHOS) are required for tumor formation and metastasis [1, 2] . In particular, cancer cells with high glycolytic metabolism exacerbate the expression of OXPHOS and mitochondrial biogenesis-related genes to supply ATP and superoxide to maintain the metastatic characteristics [1, 3, 4] . In this regard, tumor cells without mitochondrial DNA (mt-DNA) present a quiescent state and can only initiate the development of tumors and metastasis when they manage to reassemble their electron transport chain (ETC), either by incorporating mt-DNA or whole mitochondria from adjacent cells [5] [6] [7] . Consistent with the above findings, mitochondria have emerged as a promising target for anticancer strategies.
The capacity to support energy demand in cancer cells is promoted by mitochondrial biogenesis, where proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) orchestrates the synthesis and assembly of different components of the ETC through the activation of transcription factors and mTOR/AMP-activated kinase (AMPK) prosurvival signaling [8] . This phenomenon determines the effect of several anticancer small molecules that have therapeutic targets related to OXPHOS [9, 10] . Moreover, the metabolic heterogeneity of different subpopulations of cancer cells in the same tumor contributes to partial eradication/inhibition of tumor growth [11, 12] and acquisition of resistance to chemotherapeutics [13, 14] . Therefore, elucidation of the induction of the metabolism-dependent adaptive responses of cancer cells may be exploited to identify new targets to produce tumor vulnerability and overcome drug resistance to classical chemotherapeutics.
An extensively studied strategy for mitochondrial delivery of small molecules is the incorporation of lipophilic cationic groups such as pyridinium or triphenylphosphonium (TPP + ), which allow the accumulation of lipophilic cationic-linked compounds specifically in the "negative" mitochondrial matrix based on the mitochondrial transmembrane potential (∆Ψm) [15] [16] [17] . Several TPP + -linked small molecules with anticancer effects, such as FDA-approved drugs, polyphenols, therapeutic peptides, and photosensitizers, have been reported [18] . We showed that TPP + -linked natural hydroxybenzoic acids induce OXPHOS inhibition and consistently decrease mitochondrial depolarization and ATP without increasing ROS production. Interestingly, these derivatives trigger mitochondrial metabolic stress, leading to the selective release of proapoptotic factors in several cancer cell lines, exhibiting antitumoral activities [19, 20] with nonobservable toxicity in nontumoral tissues in vivo [21] .
Using 10-((2,5-dihydroxybenzoyl)oxy)decyl) triphenylphosphonium bromide (GA-TPP + C 10 , Figure 1A ), we produced a time-dependent complex inhibition of the mitochondrial bioenergetics in breast cancer (BC) cell lines, triggering a prosurvival adaptive response dependent on the initial metabolic remodeling toward glycolysis and the enhanced expression of mitochondrial genes. Based on this result, we selected doxycycline (Doxy), a known antibiotic with a wide range of clinical applications [22, 23] , to inhibit protein synthesis by preventing the binding of activated tRNA to site A of the 28S subunit of mitochondrial ribosomes [24, 25] . The exposure to GA-TPP + C 10 plus Doxy led to selective and synergistic death via suppression of the cellular compensatory response in BC cells. 
Materials and Methods

Compounds
The synthesis of GA-TPP + C 10 was carried out according to Sandoval-Acuna et al. [20] . All stock solutions were prepared in dimethyl sulfoxide (DMSO) (Merck, Darmstadt, Germany).
Cellular Respiration and Extracellular Acidification Rate in Real Time
MCF7 and MDA-MB-231 BC cells (20,000 cells/well) were seeded on XFe96 V3-PS multiwell plates and kept overnight at 37 • C in 5% CO 2 with culture medium containing glucose plus glutamine. For analysis of cellular respiration on the next day, the culture medium was replaced with assay medium (unbuffered DMEM without phenol red and with 4 mM glutamine and 10 mM glucose, pH 7.4) 1 h before the assay. Mitochondrial function was evaluated using 1 µM oligomycin, 50 nM FCCP, 1 µM rotenone, and 1 µM antimycin A. For analysis of glycolysis, the culture medium was replaced with assay medium (unbuffered DMEM without phenol red and with 4 mM glutamine, pH 7.4) 1 h before the assay. Glycolysis was evaluated by adding 10 mM glucose, 1 µM oligomycin, and 100 mM 2-deoxy-d-glucose (2-DG), as previously reported [29] . The oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) measurements were made with the specific excitation and emission wavelengths of the fluorescent probes for oxygen (532/650 nm) and protons (470/530 nm). Each experiment was performed in triplicate.
Annexin V/Propidium Iodide Staining and Cell Cycle Analysis
The cell death induced in MCF7, MDA-MB-231 and MCF-10F cells by GA-TPP + C 10 (2.5 µM), Doxy (10, 25, and 50 µM) and the GA-TPP + C 10 plus Doxy combination was evaluated using annexin V/propidium iodide (AV/PI) dual staining, following the instructions of the Annexin V-FITC Apoptosis Detection Kit (Abcam, Cambridge, UK), as previously reported [20] . For evaluation of the effect of mitochondrial bioenergetic inhibition induced by GA-TPP + C 10 on the viability of BC cells, MCF7 and MDA-MB-231 cells were treated with Pyr (5 mM) and the cell-penetrating metabolic intermediates l-aspartic acid β-methyl ester (mAsp, 5 mM) and dimethyl α-ketoglutarate (dm-KG, 5 mM) for 24 h; then, they were exposed to GA-TPP + C 10 (10 µM) for 48 h, and cell death was determined.
For estimation of the cell cycle distribution, cellular DNA levels were measured by flow cytometry as previously described [28] . The BC cells were incubated with DMSO (control) or 2.5, 5, 10, and 20 µM GA-TPP + C 10 for 24 and 48 h. All samples were analyzed for cell cycle distribution using a FACSCalibur flow cytometer and Becton-Dickinson CellQuest acquisition software (San Jose, CA, USA).
α-Ketoglutarate Dehydrogenase (αKGDH) Complex Activity Assay
The αKGDH complex activity was measured using the KGDH Activity Assay Colorimetric Kit (K678, BioVision, Milpitas, CA, USA). Briefly, 1 × 10 5 MCF7 and MDA-MB-231 cells were seeded on 6-well plates and incubated overnight. Next, GA-TPP + C 10 (5 and 10 µM) was added to the cancer cells, and the cells were incubated for 24 h. Subsequently, the cells were trypsinized and lysed. Subsequent treatment of the samples and measurements were performed according to the manufacturer's instructions. The absorbance value was measured using a Varioskan Flash ® microplate reader (Thermo Scientific, Waltham, MA, USA). Michaelis-Menten fitting and kinetics constants were obtained using GraphPad Prism software (version 5.03, San Diego, CA, USA).
RNA Extraction, Reverse Transcription and qPCR
Evaluation of the effect of GA-TPP + C 10 (5 µM) on the levels of different mRNAs was performed by qPCR, as described by Truksa et al. [30] . Total RNA was extracted using the RNAzol T Kit (Molecular Research Center, Inc., Cincinnati, OH, USA) according to the manufacturer's instructions. qPCR analysis was performed using the Illumina Eco Real-Time PCR System (Illumina, San Diego, CA, USA). A detailed methodology and the primers used are provided in Appendix A.
Western Blotting
The total levels and phosphorylation at Threo172 of AMPKα in BC cells and nonmalignant cells treated with GA-TPP + C 10 for 4 and 24 h and the levels of mitochondrial proteins (mt-ND 1 , mt-CO 1 , mt-CO 2 , UQCRC2, and VDAC1) induced by GA-TPP + C 10 and Doxy at 24 h of exposure were also analyzed by Western blotting. The detailed methodology for blotting is provided in Appendix A.
Statistics
The results are expressed as the mean ± SEM of at least three independent experiments. The comparison between the different experimental groups and their respective controls was performed by one-way ANOVA (followed by Bonferroni post hoc analysis) using GraphPad Prism 5.0 software. p < 0.05 was established as the minimum significance level.
Results
GA-TPP + C 10 Decreases the Clonogenic Potential and Viability, Producing Cell Cycle Arrest in G 1 -Phase BC Cells
The compound GA-TPP + C 10 reduced cell proliferation in a time-and dose-dependent manner in the seven BC cell lines with IC 50 values close to 10 µM ( Figure 1B) . Notably, BT-474 cells (ER+/HER2/ neu+, p53 E285K) showed high resistance to the effect of GA-TPP + C 10 because their IC 50 values at 24 and 48 h were significantly higher than those observed in the other cell lines ( Figure 1B ). BC cells grown as spheres (MCF7-Sph) showed lower sensitivity to the antiproliferative effects than the parental MCF7 cells after 48 h of treatment with GA-TPP + C 10 ( Figure 1C ). Consistent with the above finding, this compound produced significant cell cycle arrest in the G1 phase at 24 and 48 h ( Figure 1D -G) and reduced the clonogenic potential in the MCF7 and MDA-MB-231 cells ( Figure S1 ). Using four chemotherapeutics with different mechanisms of action, we treated the MCF7 and MDA-MB-231 cells with GA-TPP + C 10 and alternatively with doxorubicin and etoposide (topoisomerase II inhibitors), imatinib (c-kit and/or PDGFR inhibitor [31] ), and bleomycin (a DNA damage inductor). Then, the effect on viability was evaluated after 24 h of exposure. Notably, GA-TPP + C 10 promoted vulnerability to cell death in the BC cells treated with all chemotherapeutics ( Figure S2 ), suggesting that the mechanism of action of this compound blocks an essential metabolic adaptive response.
To evaluate whether the effect of GA-TPP + C 10 is determined by the bioenergetic profile of BC cells, we modified the glucose and glutamine availabilities, and cell death was evaluated. As shown in Figure 2A ,B, a similar cytotoxic effect was observed in the presence of 5 and 25 mM glucose, but a discrete and significant increase in cell death was produced by glutamine deprivation. By completely substituting glucose for galactose, we generated BC cell subpopulations that exhibited high dependence on respiration and decreased involvement of glycolysis to meet the energy demand [29] . Under this condition, GA-TPP + C 10 produced extensive cell death. Additionally, MCF7-rho0 cells, which lack mitochondrial DNA and consistently exhibit reduced mitochondrial gene expression ( Figure S3 ), exhibited a 4-fold increase in resistance to GA-TPP + C 10 , similar to tamoxifen-resistant BC cells (MCF7-TAMR) ( Figure 2C ,D), a cell line with a decrease in mitochondrial respiration and a low abundance of the assembled mitochondrial respiratory supercomplexes [32] . Altogether, our results suggest that GA-TPP + C 10 has as a primary target the mitochondrial ETC in BC cells. cells (MCF7-TAMR) ( Figure 2C ,D), a cell line with a decrease in mitochondrial respiration and a low abundance of the assembled mitochondrial respiratory supercomplexes [32] . Altogether, our results suggest that GA-TPP + C10 has as a primary target the mitochondrial ETC in BC cells. 
The Effect of GA-TPP + C 10 Increases the Gene Expression of Mitochondrial ABC Transporters
One of the mechanisms of resistance to cytotoxic compounds is overexpression of ATP-binding cassette (ABC) transporters [33, 34] . Given that the cytosolic transporter ABCG2 has substrate compounds formed by alkyl triphenylphosphonium groups [33] and that the mitochondrial transporter ABCB7 plays an essential role in the function of the ETC Complexes I, II, III, and IV [35] , we studied the changes in gene expression of these ABC transporters induced by GA-TPP + C 10 . Therefore, we studied the changes in gene expression of the cytosolic and mitochondrial ABC transporters triggered by the effect of GA-TPP + C 10 . First, we analyzed the basal expression of the cytosolic transporter abcg2 (also known as breast cancer resistance protein 1; BCRP1) and the mitochondrial protein abcb7 [33, 36] . Figure 2E ,F shows that the expression of abcg2 and abcb7 in BT-474 cells was 17 and 8 times higher, respectively, than that observed in the MCF7 cells. Additionally, when comparing these two transporters in the parental line MCF7 (ER+) versus its derivative resistant to tamoxifen (MCF7-TAMR), we found that the basal expression of abcg2 and abcb7 increased 14 and 6.5 times, respectively. In turn, GA-TPP + C 10 significantly increased the expression of abcb7 without altering the expression of abcg2 in both the MCF7 and BT-474 cells. A similar effect was observed in the modified MCF7-rho0 and MCF7-TAMR cells ( Figure 2G ,H), suggesting that elevated gene expression of mitochondrial ABC transporters may be associated with mitochondrial uptake of GA-TPP + C 10 in all cancer cells.
Acute GA-TPP + C 10 Treatment Induces a Complex Inhibition of Mitochondrial Functions, Leading to Remodeling toward Glycolysis
Previously, we showed that TPP + C 10 -linked polyphenols instantly produce an increase in mitochondrial respiration in state 4o [19] , suggesting a possible uncoupling effect of OXPHOS in cancer cells [20, 21] ; however, the mechanism and site of action of these compounds in mitochondria remain uncertain. Therefore, we evaluated the effect of GA-TPP + C 10 on oligomycin-insensitive respiration (apparent state 4o) in the MCF7 and MDA-MB-231 BC cells three times after exposure. As shown in Figure 3A ,B, the protonophore FCCP produced a sustained increase in state 4o during 18 min of measurement. In contrast, GA-TPP + C 10 produced a biphasic effect on respiration in state 4o. First, GA-TPP + C 10 increased respiration (time = 0-1 min) and then produced a significant decrease in respiration in both BC cell lines. These effects were accompanied by a sustained ∆ψm drop without mitochondrial and intracellular ROS production, with the latter measured using MitoSOX and DHE assays, respectively (Figures 3D and S4). To determine whether the decrease in respiration was produced by a direct interaction between GA-TPP + C 10 and ETC, we evaluated respiratory complex-dependent respiration in the permeabilized MCF7 cells. At 15 min of exposure, GA-TPP + C 10 inhibited only Complex I-dependent respiration ( Figure 3C ). Given that alkyltriphenylphosphonium cations decrease mitochondrial OCR through ETC inhibition [37] [38] [39] and that p-hydroquinones, similar to GA, inhibit Complex I-dependent respiration [10, 28] , we compared the inhibitory efficacy on Complex I-dependent respiration by using GA-TPP + C 10 with GA and (10-hydroxydecyl) triphenylphosphonium bromide (OH-C 10 TPP + ), both chemical fragments that constitute the mitochondria-targeted studied compound. As shown in Figure 3E , OH-C 10 TPP + and GA had much lower inhibitory efficacy against rotenone-sensitive respiration than GA-TPP + C 10 , suggesting that this compound exhibits improved activity on the mitochondrial bioenergetics of cancer cells.
hexokinase inhibitor 2-deoxyglucose (2-DG) produced a significant increase in the cell death induced by GA-TPP + C10, indicating that BC cell survival under GA-TPP + C10-induced respiration inhibition is energetically compensated by glycolysis ( Figure S6 ). Consistent with this finding, GA-TPP + C 10 in intact BC cells inhibited basal and maximal mitochondrial respiration and increased glycolysis-dependent ECAR values in a concentration-dependent manner (Figures 3F-I and S5). Notably, blocking the glycolytic pathway with the hexokinase inhibitor 2-deoxyglucose (2-DG) produced a significant increase in the cell death induced by GA-TPP + C 10 , indicating that BC cell survival under GA-TPP + C 10 -induced respiration inhibition is energetically compensated by glycolysis ( Figure S6 ). Interestingly, the accumulation of alkyl-TPP + cations in the mitochondrial matrix was shown to promote the inhibition of the activity of the αKGDHC [37] , a tricarboxylic acid (TCA) cycle enzyme essential for glutaminolysis. Therefore, we evaluated whether GA-TPP + C 10 treatment inhibits αKGDHC activity in BC cells at different times of exposure. As shown in Figure 4A ,B, this compound decreases αKGDHC activity from 6 to 24 h of incubation, an event that occurs after Complex I-dependent OCR inhibition. Prolonged GA-TPP + C 10 treatment (24 h) modified the kinetic parameters of αKGDHC, decreasing the Vmax and increasing the Km at 5 and 10 µM, indicating a mixed-inhibition model, as suggested by the Michaelis-Menten modeling ( Figure 4C ,D,F,G). The coordinated function of Complex I and αKGDHC is required for maintaining the mitochondrial NAD + /NADH ratio, which is essential for the synthesis of aspartate [40] [41] [42] . To determine whether the inhibition of Complex I and αKGDHC by GA-TPP + C 10 has implications in the anticancer effect exhibited in BC cells, we added the exogenous metabolic substrate Pyr and the cell-penetrating intermediates mAsp and dm-KG, and the viability in the presence of GA-TPP + C 10 was evaluated at 48 h of exposure. Pyr addition was shown to rescue the antiproliferative effect only of ETC inhibitors [40] [41] [42] by lactate dehydrogenase-dependent NADH regeneration, and mAsp and dm-αKG addition rescued the carbon source for nucleotide biosynthesis and αKGDHC activity-dependent glutaminolysis [29, 43, 44] . As shown in Figure 4D ,G, consistent with the αKGDHC activity assay, both dm-αKG and mAsp, but not Pyr, partially rescued the cytotoxic effect of GA-TPP + C 10 in the MCF7 and MDA-MB-231 cancer cells, suggesting that inhibition of αKGDHC activity is a relevant step for the promotion of mitochondrial dysfunction. Taken together, our results describe GA-TPP + C 10 as a compound with three phases of interaction with mitochondria in a time-dependent manner: (1) initial phase of mitochondrial uptake with an uncoupling effect, as previously reported [20] , (2) inhibition of Complex I-dependent respiration, and (3) late phase of mitochondrial accumulation with inhibition of αKGDHC activity ( Figure 4I ).
GA-TPP + C 10 Induces Prosurvival AMPK Activation in BC Cells
OXPHOS inhibition can trigger metabolic stress signaling mediated by energetic sensors such as AMPK [45, 46] . As shown in Figure 5A ,B, GA-TPP + C 10 activates AMPK in the MCF7 and MDA-MB-231 cells, as evidenced by the quantification of its active form (phospho-AMPK) at 4 and 24 h of exposure.
Only after 24 h of incubation did we observe a significant increase in the active form of AMPK in the BT-474 cell line, which was highly resistant to GA-TPP + C 10 ( Figure 5C ). No AMPK activation was induced by GA-TPP + C 10 in the MFC-10F cells ( Figure 5D ). Although GA-TPP + C 10 induced a significant increase in the mRNA levels of ampk in the BC and nontumoral cells, with a major effect in the MCF7 cells ( Figure 5E ), increased protein levels of AMPK were detected only in the BC cells ( Figure 5F-I) . In addition, the AMPK inhibitor compound C (Cpd. C, 2.5 µM) did not affect the viability of the BC cells; however, the combination of Cpd. C plus GA-TPP + C 10 (10 µM) increased cell death ( Figure 5J,K) , suggesting that GA-TPP + C 10 activates prosurvival AMPK signaling. 
The Effect of GA-TPP + C 10 Increases Mitochondrial Biogenesis-Related Gene Expression in BC Cells
We evaluated whether the metabolic stress induced by GA-TPP + C 10 in cancer cells activates the expression of the transcription factor peroxisome proliferator-activated receptor gamma coactivator 1-alpha (pgc-1α) and some of its target genes as part of the adaptive response to GA-TPP + C 10 . As shown in Figure 6A -N, 5 µM GA-TPP + C 10 increased the expression level of pgc-1α, mitochondrial DNA replication (shown by the amplification of the D-loop region) and all mitochondrial transcript levels (the ribosomal subunits 12S rRNA and 16S rRNA; the Complex I components nd1, nd2, nd4, and nd6; the Complex III components cyt b; the Complex IV components mt-co1, mt-co2 and mt-co3, and the Complex V components atp6 and atp8) in the BC cells at 24 h of exposure. Notably, although the MCF-10F epithelial cells showed a similar increase in the activity of pgc-1α, the number of mitochondria (D-loop) and the expression of ribosomal subunits after incubation with GA-TPP + C 10 , the levels of the subunits of the ETC complexes were not altered. Interestingly, GA-TPP + C 10 induced a significant decrease in the levels of ucps (ucp3 and ucp4) in the MCF7, BT-474, and MCF-10F cells after 24 h ( Figure 6O,P) . All the results suggest a possible prosurvival adaptive mechanism based on the initiation of mitochondrial biogenesis and ∆ψ m preservation by UCP downregulation under GA-TPP + C 10 -induced mitochondrial stress in cancer cells. 
The Effect of GA-TPP + C10 Increases Mitochondrial Biogenesis-Related Gene Expression in BC Cells
We evaluated whether the metabolic stress induced by GA-TPP + C10 in cancer cells activates the expression of the transcription factor peroxisome proliferator-activated receptor gamma coactivator 1-alpha (pgc-1α) and some of its target genes as part of the adaptive response to GA-TPP + C10. As shown in Figure 6A -N, 5 µM GA-TPP + C10 increased the expression level of pgc-1α, mitochondrial DNA replication (shown by the amplification of the D-loop region) and all mitochondrial transcript levels (the ribosomal subunits 12S rRNA and 16S rRNA; the Complex I components nd1, nd2, nd4, and nd6; the Complex III components cyt b; the Complex IV components mt-co1, mt-co2 and mt-co3, and the Complex V components atp6 and atp8) in the BC cells at 24 h of exposure. Notably, although the MCF-10F epithelial cells showed a similar increase in the activity of pgc-1α, the number of mitochondria (D-loop) and the expression of ribosomal subunits after incubation with GA-TPP + C10, the levels of the subunits of the ETC complexes were not altered. Interestingly, GA-TPP + C10 induced a significant decrease in the levels of ucps (ucp3 and ucp4) in the MCF7, BT-474, and MCF-10F cells after 24 h ( Figure 6O,P) . All the results suggest a possible prosurvival adaptive mechanism based on the initiation of mitochondrial biogenesis and Δѱm preservation by UCP downregulation under GA-TPP + C10-induced mitochondrial stress in cancer cells. 
Doxy Selectively Inhibits the Synthesis of Mitochondrial Proteins Encoded by mt-DNA in BC Cells
We initially assessed the effect of Doxy on the translation of mRNAs in mitochondrial ribosomes (mt-ribosomes). To differentiate between the inhibition of the mt-ribosomes and the cytosolic ribosomes, we quantified the mRNA and protein levels of mitochondrial proteins encoded by both the nuclear genome (VDAC1 and UQCRC2) and the mitochondrial genome (mt-DN 1 mt-CO 1 and mt-CO 2 ). As shown in Figure S7 , after a 24 h incubation with increasing concentrations of Doxy, we observed a significant decrease in the levels of proteins synthesized in the mt-ribosomes. However, no change was observed in the mRNA and protein levels of the nuclear genome-encoded genes. Interestingly, analysis of the MCF-10F epithelial cell line showed no significant differences in the expression of any of the proteins analyzed. To verify that the decrease in the mitochondrial protein levels was due to an inhibitory action in the ribosomes and not due to a decrease in mitochondrial gene expression, we analyzed the mRNA levels of nd 1 , mt-co 1 , mt-co 2 , and uqcrc2. As shown in Figure S7E -I, no significant variations were observed in any of the transcripts. These results indicate that Doxy inhibits the synthesis of mitochondrial proteins encoded by mt-DNA in BC cells.
Inhibition of Mitochondrial Bioenergetics by GA-TPP + C 10 and Mitochondrial Translation by Doxy Promotes Synergistic Cytotoxic Effects in BC Cells
We hypothesized that inhibition of the GA-TPP + C 10 -induced adaptive response involving increased expression of mitochondrial biogenesis-related genes may promote sensitization to cancer cell death. To evaluate this hypothesis, we combined GA-TPP + C 10 with increasing concentrations of Doxy, and the changes in the mRNA and protein levels of mitochondrial components were evaluated after 24 h of exposure. Consistent with the above results, GA-TPP + C 10 increased the expression of ETC-related genes ( Figure 6 ), which translated into an increase in the expression of each mitochondrial protein encoded by the mt-DNA in the MCF7 ( Figure 7A ) and MDA-MB-231 cells ( Figure S9A) . Conversely, the MCF7 cells treated with Cpd. C and GA-TPP + C 10 showed significantly decreased mitochondrial protein levels of mt-CO1 and VDAC, suggesting that the GA-TPP + C 10 -induced prosurvival response is mediated by AMPK-dependent mitochondrial biogenesis ( Figure 7B ). However, although the combined treatment with GA-TPP + C 10 plus Doxy significantly increased the expression of ETC-related genes (Figure S8) , the mt-CO1 and VDAC protein levels significantly decreased in both BC cell lines ( Figure 7C and Figure S9B ). In addition, the combination decreased the maximal mitochondrial respiration, promoting a reduction in the ∆ψm in BC cells ( Figure 7D,E) . These results suggest that the combination triggers decreases in mitochondrial function and mass.
Given the IC 50 values obtained at 24 h for GA-TPP + C 10 and Doxy in the MCF7, MDA-MB-231, and MCF-10F cells ( Figure 8A ), low concentrations were chosen to evaluate the type of pharmacological interaction of the GA-TPP + C 10 plus Doxy combination. According to the isobolograms, both MCF7 and MDA-MB-231 cells exhibited significant differences between the IC 50 values obtained for each analyzed condition versus the theoretical additive effect. Similar values were obtained by MTT reduction and crystal violet assays ( Figure S10 ). For nontumoral MCF-10F cells, these analyses showed no significant differences ( Figure 8B-D) . Moreover, 2.5 µM GA-TPP + C 10 in combination with 10, 25, and 50 µM Doxy produced an AV-positive subpopulation accounting for 15.76%, 24.26%, and 65.54% of the MCF7 cells, respectively, and 11.78%, 20.90%, and 55.97% of the MDA-MB-231 cells, respectively. In all the conditions, the AV/PI+ subpopulation did not exceed 7.5%. For normal epithelial cells, this interaction was not observed, and the maximum percentage of cell death was 14.00% ( Figure 8E-G) . Therefore, our results indicated that the GA-TPP + C 10 plus Doxy combination promotes selective and synergistic induction of cell death in BC cells. Given the IC50 values obtained at 24 h for GA-TPP + C10 and Doxy in the MCF7, MDA-MB-231, and MCF-10F cells ( Figure 8A) , low concentrations were chosen to evaluate the type of pharmacological interaction of the GA-TPP + C10 plus Doxy combination. According to the isobolograms, both MCF7 and MDA-MB-231 cells exhibited significant differences between the IC50 values obtained for each analyzed condition versus the theoretical additive effect. Similar values were obtained by MTT reduction and crystal violet assays ( Figure S10 ). For nontumoral MCF-10F cells, these analyses showed no significant differences ( Figure 8B-D) . Moreover, 2.5 µM GA-TPP + C10 in combination with 10, 25, and 50 µM Doxy produced an AV-positive subpopulation accounting for 15.76%, 24.26%, and 65.54% of the MCF7 cells, respectively, and 11.78%, 20.90%, and 55.97% of the MDA-MB-231 cells, respectively. In all the conditions, the AV/PI+ subpopulation did not exceed 7.5%. For normal epithelial cells, this interaction was not observed, and the maximum percentage of cell death was 14.00% ( Figure 8E-G) . Therefore, our results indicated that the GA-TPP + C10 plus Doxy combination promotes selective and synergistic induction of cell death in BC cells. 
Discussion
In BC, mitochondrial metabolism has been recognized as an essential factor that promotes metastasis [1, 4, 47] , drug resistance [48] [49] [50] , survival and propagation of cancer stem cells (CSCs) and tumor-initiating cells (TICs) [51, 52] , making it a promising target for new anticancer approaches.
Several studies have reported drug delivery systems for the transport of anticancer compounds 
Several studies have reported drug delivery systems for the transport of anticancer compounds to the mitochondria [18] , highlighting the use of the lipophilic cations pyridinium [53] [54] [55] and TPP + [56] [57] [58] [59] . In particular, we showed that TPP + derivatives of gallic acid and GA selectively induce cell death in BC cells [19, 20] in a receptor status-independent manner [20] without toxic effects on nontumoral tissues in vivo [21] . Although the previously described effects are accompanied by alterations in mitochondrial bioenergetics, the mechanism of action of these TPP + -linked compounds on mitochondrial function remains unclear. In this work, we describe a complex mechanism of time-dependent mitochondrial dysfunction induced by GA-TPP + C 10 , which is involved in the cytotoxic effect, as previously reported by us [20] . Interestingly, our results suggest that in the initial phase (mitochondrial uptake), GA-TPP + C 10 increases the state 4o respiration, leading to uncoupling of OXPHOS. During the following minutes of exposure, GA-TPP + C 10 inhibits Complex I-dependent respiration, blocking the electron flux stimulated by FCCP, and after prolonged exposure (24 h), this compound produces notable inhibition of FCCP-stimulated respiration and αKGDHC activity. Previously, we described paraand ortho-hydroquinones [28, 60, 61] and alkyl gallate derivatives [62] as Complex I inhibitors that lacked this biphasic behavior. Conversely, TPP + -gallate derivatives exhibit an uncoupling effect of OXPHOS in isolated mitochondria and intact cancer cells, and this effect is sensitive to adenine nucleotide translocator (ANT) inhibition by atractyloside [19] ; however, no instantaneous inhibitory effect of the ETC was observed. These results suggest that the direct interaction with ETC and, consequently, Complex I inhibition by GA-TPP + C 10 is favored by TPP + .
αKGDHC is a TCA cycle enzyme composed of three subunits (E1, E2, and E3) that oxidizes and decarboxylates α-ketoglutarate and attaches coenzyme-A to the product to form succinyl-CoA [63] . Indeed, this enzyme is an essential gatekeeper of OXPHOS and in cancer cells modulates metabolic remodeling in response to tumoral bioenergetic requirements [64] . Although TPP + derivatives are used to study mitochondrial function, high concentrations accumulating in the mitochondrial matrix lead to αKGDHC inhibition, which is characterized by a decrease in the Vmax and an increase in the Km [37] . This inhibition is enhanced by increasing the length of the alkyl side chain [37] . Our results showed that GA-TPP + C 10 also produces mixed time-dependent inhibition of αKGDHC activity in the BC cells. Early observations regarding a direct interaction and functional dependence by measurement of the NAD + /NADH ratio between Complex I and αKGDHC [65, 66] , as well as the role of Complex I activity in the control of the proton-motive force for ATP-coupled respiration [42] and maintaining mitochondrial aspartate synthesis [40, 41] , suggest that the complex mitochondrial dysfunction induced by GA-TPP + C 10 mediated by Complex I and αKGDHC inhibition blocks an essential step required for cancer cell survival and proliferation. Recent evidence indicates that selective Complex I inhibition decreases intracellular aspartate levels by decreasing the NAD + pool, which is used as a substrate for αKGDHC for NADH regeneration in the TCA cycle, providing carbon units for DNA synthesis during proliferation [40, 41] . Consequently, exogenous addition of Pyr to cancer cells treated with known ETC inhibitors rescues the aspartate levels and proliferation by generating NAD + via oxidation to lactic acid. [67] . In this line, we showed that only supplementation with the cell-penetrating substrates dimethyl-α-ketoglutarate, an αKGDHC substrate, and methyl-aspartate, but not Pyr, partially rescued the cell death induced by GA-TPP + C 10 , suggesting that GA-TPP + C 10 induces simultaneous inhibition of Complex I and αKGDHC.
The metabolic plasticity of cancer cells is known to favor acquired drug resistance and modulate prosurvival signaling pathways, allowing adaptation to changes in substrate availability [68] [69] [70] . GA-TPP + C 10 -induced mitochondrial dysfunction triggered early metabolic remodeling toward glycolysis, which may be mediated by AMPK signaling as previously described [29, 71] , and its inhibition with 2-DG promoted increased cell death in BC cells, similar to the reported synergistic effects of mitochondriatargeted antioxidants and vitamin E analogs and 2-DG in breast [72, 73] , hepatocellular [74] and pancreatic [75] carcinomas. Notably, we found that the induction of cell death with 2-DG plus GA-TPP + C 10 treatment was less efficient than that of a combination with a panel of known chemotherapeutics, suggesting that mitochondrial inhibition enhances the efficacy of these agents.
The mitochondrial effect of GA-TPP + C 10 also induced increased transcription of nuclear and mitochondrial genes related to the ETC components, mitochondrial ABC transporters and mitochondrial biogenesis, with decreased expression of UCP genes. Although GA-TPP + C 10 -induced cell death was less extensive in MCF7-Rho0 and MCF7-TAMR, two cell lines lacking ETC or decreased ETC activity, respectively [32] , than in the parental MCF7 cell line, we observed an upregulation of the mitochondrial transporter gene abcb7 in all cell lines. Recently, this transporter was shown to induce the hypoxiaindependent accumulation of hypoxia-inducible factor 1 alpha (HIF-1α) and inhibit both apoptotic and nonapoptotic death in cancer cells [76] . Given that the energy sensor AMPK is involved in cellular metabolic control and regulates mitochondrial biogenesis via PGC1α phosphorylation under stress conditions in normal and malignant cells, we evaluated whether AMPK activation triggered by GA-TPP + C 10 -induced mitochondrial dysfunction may promote an adaptive response. The inhibition of GA-TPP + C 10 -dependent AMPK activation reduced the protein levels of mt-CO 1 and VDAC and produced an increase in BC cell death. Therefore, our results suggest that the increases in the gene expression and protein levels of several mitochondrial components induced by GA-TPP + C 10 are involved in a prosurvival phenotype mediated by AMPK signaling.
In this work, we hypothesized that to promote the extensive cell death induced by GA-TPP + C 10 via blocking the mitochondrial dysfunction-induced adaptive response, the inhibition of mitochondrial protein translation by the Doxy combination may induce selective vulnerability in cancer cells. Doxy, a bacteriostatic antibiotic drug that inhibits the 30S subunit of the bacterial ribosome, can also exert inhibitory effects on the 28S subunit of the human mitochondrial ribosome due to the high homology of the two subunits [22, 24, 25] . The inhibition of mitochondrial protein synthesis triggered by Doxy has been documented in several organisms [77] [78] [79] and has been shown to promote the mitochondrial damage generated by an imbalance between the mitochondrial complex proteins encoded by the nuclear and mitochondrial genomes. This effect produces mitochondrial complex instability and decreased respiration. Consistent with this finding, we demonstrated that Doxy blocks the adaptive response induced by GA-TPP + C 10 , inhibiting the translation of ETC components and promoting selective and synergistic death in BC cells.
Conclusions
Our results describe the anticancer mechanism of GA-TPP + C 10 , a mitochondria-targeted hydroquinone that induces a complex inhibition of mitochondrial bioenergetics in a time-dependent manner in BC cells. Moreover, because evidence showed that the Doxy-induced mitonuclear protein imbalance does not generate manifest toxicity in animal models [79] and because we showed here that the combination of Doxy with GA-TPP + C 10 produces synergistic lethality, we propose that this combined strategy based on the blockage of the mitochondrial bioenergetic inhibition-induced adaptive response may have therapeutic relevance in BC.
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The following are available online at http://www.mdpi.com/2073-4409/9/2/407/s1, Figure S1 : GA-TPP + C 10 reduces the clonogenic potential of BC cells, Figure S2 : Effect of GA-TPP + C 10 and chemotherapeutics on the cell death of BC cells, Figure S3 : Basal expression of PGC-1α and mitochondrial genes, Figure S4 : GA-TPP + C 10 triggers depolarization of the mitochondrial membrane potential, Figure S5 : Inhibition of ETC induced by GA-TPP + C 10 , Figure S6 : Glycolysis inhibition by 2-deoxy-D-glucose enhanced the cytotoxic effect induced by GA-TPP + C 10 in BC cells, Figure S7 : Doxycycline inhibits the translation of proteins encoded by only mt-DNA, Figure S8 : The doxycycline + GA-TPP + C 10 combination triggers an increase in ETC-related gene expression in BC cells, Figure S9 : Doxycycline inhibits the compensatory response to the complex inhibition of mitochondrial bioenergetics induced by GA-TPP + C 10 in MDA-MB-231 cells, Figure S10 : The GA-TPP + C 10 and Doxy combination triggers a synergistic cytotoxic effect. Table S1 : Details of the primer sequences used in this study. Modified MCF7-TAMR cells were cultured in DMEM supplemented with 10% FBS, penicillin (100 IU/mL), streptomycin (100 µg/mL) and 5 µM tamoxifen. MCF7-Sph cells were obtained by maintaining parental MCF7 cells in advanced DMEM (Sigma-Aldrich) supplemented with NeuroCult Neural Stem Cell Proliferation Supplement (Stem Cell Technologies, Vancouver, British Columbia, Canada), rhEGF (20 ng/mL; Sigma-Aldrich), rhFGF (10 ng/mL; Sigma-Aldrich), penicillin (100 IU/mL) and streptomycin (100 µg/mL). Modified MCF7-rho0 cells were cultured in DMEM supplemented with 10% FBS, penicillin (100 IU/mL), streptomycin (100 µg/mL), uridine (50 µg/mL; Sigma-Aldrich) and sodium pyruvate (100 µg/mL; Sigma-Aldrich). All cell lines were maintained at 37 • C in a 5% CO 2 atmosphere.
RNA extraction, reverse transcription and qPCR
Evaluation of the effect of GA-TPP + C 10 (5 µM) on the levels of different mRNAs was performed by qPCR, as described by Truksa et al. [30] . Briefly, 1 × 10 6 cells/mL were plated in a 100 mm Petri dish. Subsequently, the cells were treated with GA-TPP + C 10 (5 µM) for 24 h. Total RNA was extracted by the RNAzol®T kit (Molecular Research Center, Inc., Cincinnati, OH, USA) according to the manufacturer's instructions. Samples were stored at −80 • C until use. qPCR analysis was performed using the 5× HOT FIREpol Eva Green qPCR Mix Kit (Solis Biodyne, Tartu, Estonia) and an Illumina Eco Real-Time PCR System (Illumina, San Diego, CA, USA.). Briefly, 100 ng of cDNA was mixed with 5× Eva Green Mastermix (contained in the kit) and the appropriate primers (forward and reverse, 10 µM each). After the contents of the plate were mixed by inversion, the plate was incubated for 12 min at 95 • C for initial denaturation of the sample, and qPCR was performed according to the following protocol (40 cycles): 10 seconds at 95 • C (denaturation), 20 seconds at 60 • C (hybridization), and 20 seconds at 72 • C (extension and quantification). Quantification of the relative expression of each mRNA was performed by the ∆∆Ct method, using the housekeeping genes (polr2a and rplp0) for comparison. The sequences of the primers used in this study are detailed in Table S1 .
Western blot analysis of AMPKα, phospho-AMPKα, mt-ND1, mt-CO1, mt-CO2, UQCRC2 and VDAC1
For AMPKα and phospho-AMPKα detection, MCF7, MDA-MB-231 and MCF-10F cells were treated with GA-TPP + C 10 (5-10 µM) for 4 and 24 h. For quantification of mitochondrial protein inhibition by doxycycline, MCF7, MDA-MB-231 and MCF-10F cells were treated with doxycycline (10-50 µM) for 24 h. Then, in both cases, the cells were washed in PBS and lysed with RIPA buffer (Tris−Cl [50 mM], NaCl [150 mM], sodium dodecyl sulfate [SDS; 0.1%]) containing proteinase and phosphatase inhibitor cocktail (Cell Signaling Technology, Danvers, MA, USA). The lysate was centrifuged at 20,000 g for 10 min at 4 • C. The protein concentrations were determined using a BCA Protein Assay Kit (Pierce, Rockford, IL, USA).
A 40-µg protein sample was separated by 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and the resolved proteins were transferred to a methylcellulose membrane (Millipore, Billerica, MA., USA. The membrane was blocked with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) at room temperature for 1 h and then incubated with the primary antibodies at 4 • C overnight. After being washed with TBS-T, the membrane was incubated with anti-rabbit horseradish peroxidase-conjugated secondary antibodies. The following antibodies were used: antibodies against phospho-AMPKα (Thr172) (D79.5E, Cell Signaling, #4188), AMPKα (Cell Signaling, #2532), mt-DN1 (Abcam, ab74257), mt-CO1 (Abcam, ab14705), mt-CO2 (Abcam, ab110258), UQCRC2 (Abcam ab14745), VDAC1 (Abcam, ab15895) and β-actin (D6A8, Cell Signaling, #8457). All of these antibodies were used at a 1:1000 dilution with overnight incubation at 4 • C. The membranes were incubated with the secondary antibody (HRP) (goat anti-rabbit IgG-HRP, Santa Cruz Biotechnology, SC-2004, 1:5000) for 2 h. Finally, the membranes were exposed to the chemiluminescent reagent Luminata Forte Western HRP substrate (Millipore) and visualized using C-digit equipment (Li-Cor, Lincoln, NE, USA). The densitometric analysis was performed using ImageJ 1.47v software.
